We fabricated P(NDI2OD-T2)/PTB7 bilayer all-polymer solar cells with an inverted configuration, where the annealing temperature was systematically varied. The current density-voltage behavior was investigated and the structural properties of the P(NDI2OD-T2) layers were characterized. Absorption spectroscopy, surface morphology, and crystallite analysis showed that increasing phase segregation of P(NDI2OD-T2) films occurred as the annealing temperature increased. We found that, as the P(NDI2OD-T2) stacking improved, with larger domains, the open-circuit voltage decreased and the saturation dark current density increased. This work provides a guide for the processing of P(NDI2OD-T2) layers to maximize the power conversion efficiency of all-polymer solar cells. C All-polymer solar cells (APSCs) consisting of binary blends of conjugated donor and acceptor polymers have attracted much recent research interest, primarily owing to the following advantages over polymer/fullerene solar cells: (1) effective tuning of the optical, electronic, and morphological characteristics; (2) potential to convert a large portion of sunlight in the visible and near-infrared wavelengths; and (3) favorable mechanical and thermal properties. [1] [2] [3] [4] Despite these advantages, to date, APSCs have exhibited relatively low power conversion efficiencies of only 4%-6%, 3, 5, 6 which is significantly lower than have been achieved using polymer/fullerene systems (9%-10%). 7, 8 To develop improved all-polymer blend systems, a fundamental understanding of the critical factors determining the device performance is required.
One of the most important parameters affecting the overall performance of organic solar cells is the open-circuit voltage, V oc . Several factors affect V oc , including the energy difference of the donor/acceptor material combination, the sunlight intensity, the type of electrodes, and the device operating temperature. [9] [10] [11] Several studies have reported dependences of V oc on the morphological and structural properties. Thompson et al. reported that, by using donor materials that inhibit intermolecular π-π interactions, they were able to decrease the saturation dark current density, leading to a high V oc . 12 O'Connor et al. used a similar approach with poly(3-hexylthiophene-2,5-diyl) (P3HT) to increase V oc by controlling the stacking of P3HT molecules. 13 A more thorough understanding of the way the molecular structure influences V oc is expected to aid the development of new structures with improved V oc .
In this work, we report on the changes in V oc in APSCs formed with an inverted acceptor polymer/donor polymer structure as a function of the annealing temperature, which affects the morphology. In particular, we explore the relationship between the reverse saturation current and V oc , as well as the effects of the crystal morphology on the magnitude of the reverse saturation current. To control the morphological characteristics, we varied the annealing temperature used during the formation Figure 1 (a) shows the device geometry and the molecular structures. To the best of our knowledge, there have been no prior reports of the use of P(NDI2OD-T2) and PTB7 together in bilayer inverted APSCs. Here, we systematically varied the annealing temperature to alter the structural properties of the P(NDI2OD-T2) layer. Our work represents a significant advance in the understanding of the relationships between V oc and morphological factors in APSCs.
The all-polymer bilayer solar cells were fabricated on patterned indium tin oxide (ITO) glass substrates, with an inverted ITO/ZnO/P(NDI2OD-T2)/PTB7/MoO 3 /Ag structure. The ITO-coated glass substrates were first cleaned in an ultrasonic bath using detergent, deionized water, acetone, and isopropyl alcohol, followed by ultraviolet (UV)-ozone treatment for 20 min. To form the hole-blocking layer, a ZnO film was prepared using a sol-gel process, as described by Heeger et al. 14 The ZnO sol-gel was spin-coated on the cleaned ITO-coated glass substrates at 3000 rpm, and the resulting ZnO films were annealed at 200 • C for 1 h in air. A 30-mg/ml solution of P(NDI2OD-T2) (1-Materials, Inc., with a molecular weight of M w = 174 000 g mol −1 ) was dissolved in chlorobenzene for 1 h and then spin-coated onto the ZnO layer at 1000 rpm for 30 s. The bottom P(NDI2OD-T2) layers were annealed at 100 • C, 150 • C, 200 • C, or 250 • C for 15 min in an N 2 environment. A solution of PTB7 (1-Materials, Inc., M w = 174 000 g mol −1 ) was prepared in dichloromethane and deposited onto the P(NDI2OD-T2) layer using spin-coating at 1200 rpm for 20 s. Finally, a 5-nm-thick MoO 3 layer and a 100-nm-thick Ag layer were deposited sequentially using vacuum thermal evaporation at 2 × 10 −6 Torr.
The current density-voltage (J − V ) characteristics of the devices were measured using a Keithley 2400 parameter analyzer, both in the dark and under a simulated solar spectrum (AM 1.5G) with an intensity of 100 mW/cm 2 . Masks with a well-defined area of 9 mm 2 were used to provide accurate measurements. The solar cells were tested under various light intensities by modulating the intensity of the light with a series of two neutral density filter wheels with six filters each, allowing up to 8 steps of intensity from 100 to 5 mW/cm 2 . The intensity of the light transmitted through the filter was independently measured by using a power meter. UVvis absorption spectra were analyzed using a Cary 5000 UV-visible-Near Infrared (UV-vis-NIR) double-beam spectrophotometer. The surface morphology of the polymer layers was characterized using atomic force microscopy (AFM) (Multimode IIIa, Digital Instruments) in a tapping mode, and the bulk morphology was characterized by transmission electron microscopy (TEM) (a Hitachi 7600 operated at 100 kV) and two-dimensional grazing incidence wide-angle X-ray scattering (2D-GIWAXS) (PLS-II 9A U-SAXS beamline, Pohang Accelerator Laboratory; E k = 11.24 keV and λ = 1.103 Å). The 2D-GIWAXS measurements were carried out with a sample-to-detector separation of 211.23 nm and the angle of incidence of the X-rays was 0.12 • . The charge carrier mobility (i.e., electron mobility) was determined by fitting the dark J − V characteristics using the field-independent space-charge limited current (SCLC), where the current density is given by J = 9ε 0 ε r µV 2 /8L 3 exp[0.89(V/L) 0.5 ], where ε 0 ε r is the permittivity of the material, µ is the mobility, and L is the thickness of the polymer layer. The applied bias voltage was corrected for the built-in potential so that V = V applied − V bi .
Organic photovoltaic devices can be described using a Shockley equivalent circuit, 15, 16 whereby the current density is given by
where V is the applied voltage, ∆E DA is a difference between the donor and acceptor energy levels, n is the ideality factor, k B is the Boltzmann's constant, J 0 is the reverse saturation current, R s is the series resistance, and R p is the shunt resistance. For solar cells with a minimal leakage current (i.e., where R p ≫ R s ), Eq. (1) can be simplified to
Under open circuit conditions (i.e., V = V oc ), there is no output current (i.e., J = 0) because the carrier recombination rate becomes equal to the carrier generation rate. Assuming open circuit conditions, a short circuit current of J sc = J ph (0) and a low series resistance, Eq. (2) can be solved to yield the following expression for V oc : 16, 17 
To achieve the maximum possible V oc for a given donor/acceptor bilayer, J 0 should be minimized. As discussed above, J 0 is the reverse-bias saturation current, which is the dark current that results from generated thermally carriers at the donor/acceptor interface and in the bulk of the film. For systems where J 0 is dominated by recombination, which is the case for most organic solar cells, J 0 can be expressed as follows: 18
where J oo ′ is a current prefactor which depends on the material properties, including the electrical conductivities of the layers and the molecular structure of the films. 15, 18 The terms in this expression that contribute most significantly to the changes in V oc are discussed below. Table I ). With the devices annealed at 200 • C for the P (NDI2OD-T2) layer, the open-circuit voltage decreased significantly to V oc = 0.51 V. For the devices annealed at 250 • C, the open-circuit voltage was V oc = 0.77 V.
To investigate how thermal annealing affects V oc , the dark current J − V characteristics were investigated and fitted to Eq. (1) to extract J 0 . Values of J oo ′ were then determined using Eq. (4), which allowed us to calculate the simulated open-circuit voltage V oc cal (see Table II ). From these data, we can see that, as the annealing temperature increased to 200 • C, J 0 increased (increasingly markedly at 200 • C); however, V oc exhibited the opposite behavior. These findings indicate that J 0 is important in changing V oc . In addition, as can be seen from Fig. 1(c) , the simulated values of V oc cal were consistent with the experimentally measured values of V oc (i.e., V oc exp ) (note that differences between V oc exp and V oc cal are due to differences in the current-dependent terms). The origin of the variation in V oc with the annealing temperature was investigated by measuring the absorption spectra. Figure 1(d) shows UV-vis absorption spectra of the P(NDI2OD-T2) for the different annealing temperatures. The absorption spectra of P(NDI2OD-T2) depended strongly on the annealing temperature and were also shown to be dependent on the molecular conformation. It follows that the optical absorption is a useful property to investigate the aggregation of the P(NDI2OD-T2) molecules and the molecular order. The films that were annealed at 100 • C and 150 • C exhibited similar absorption spectra, whereas the P(NDI2OD-T2) film that was annealed at 200 • C exhibited a strong absorption peak at ∼705 nm, with a distinct shoulder feature. This suggests that enhanced stacking occurred inside the P(NDI2OD-T2) phase annealed at 200 • C, which is indicative of strong molecular interactions. 19 Interestingly, however, a further increase in the annealing temperature to 250 • C resulted in a reduction in the optical absorption, which may be due to a loss of order of the P(NDI2OD-T2) phase.
To investigate the morphological properties of the annealed films, we used AFM to characterize the crystallites in the active P(NDI2OD-T2) layer, as shown in Figs. 2(a)-2(d). Annealing at 200 • C resulted in the greatest phase separation, with more aggregation at the surfaces and the largest root-mean-square surface roughness of 0.74 mm, which is attributed to more ordered domains of P(NDI2OD-T2). 20 Upon increasing the annealing temperature to 250 • C, the size of the domains decreased, as did the surface roughness. These trends are consistent with the UV-vis absorption results. We hypothesized that the thermal annealing encourages P(NDI2OD-T2) crystal growth by enhancing the π-π stacking forces, which could lead to an increase in J 0 , resulting in a low V oc .
This hypothesis was further examined using 2D-GIWAXS to characterize the structural changes in the P(NDI2OD-T2) films as a function of the annealing temperature, as shown in Figs. 2(e)-2(h). There was a range of diffraction characteristics of the P(NDI2OD-T2) films depending on the processing conditions. First, in all of the 2D-GIWAXS patterns, peaks corresponding to (010) π-π interactions were dominant at q z ≈ 1.58 Å −1 in the out-of-plane direction. These are attributed to the face-on stacking of P(NDI2OD-T2). 21 High crystallinity and ordered packing were evidenced from the strong diffraction peaks, with the film annealed at 200 • C suggesting the greatest degree of order and the film annealed at 250 • C the least. We calculated the domain size of the P(NDI2OD-T2) crystallites using the Scherrer equation, 22 i.e., τ = 0.9λ/ β (FWHM) cos θ, where τ is the mean size of the ordered crystalline domains, λ is the X-ray wavelength, and β is the line broadening at the full width at half maximum (FWHM). The (010) peak positions and FWHMs of the samples were extracted using Gaussian fitting to the detailed interference profiles along the out-of-plane directions, as shown in Figs. 2(i)-2(l). As expected, τ was larger for the samples with a higher degree of crystallinity; we found that τ = 58.9 Å for the sample annealed at 100 • C, τ = 59.3 Å for the sample annealed at 150 • C, τ = 98.7 Å for the sample annealed at 200 • C, and τ = 51.4 Å for the sample annealed at 250 • C. These data on the physical characteristics of the acceptor films as a function of annealing temperature provide useful information on the crystallinity, crystal structure, and the packing ordering; furthermore, these properties were strongly correlated with the UV-vis absorption spectra and the AFM data. From this 2D-GIWAXS analysis, we may conclude that the thermal annealing conditions significantly affected the P(NDI2OD-T2) crystalline structure, and that more ordered π-π packing morphologies and larger crystallite sizes corresponded to larger values of J 0 . Accordingly, this is one of the first examples showing the correlation between crystalline domains and the saturation dark current in bilayer APSCs. Additionally, to clearly confirm that whether there is a change in PTB7 layers by P(NDI2OD-T2) bottom films with different conditions, we investigated the surface and bulk morphology of PTB7 layers using AFM and TEM techniques, respectively (Fig. 3 ). All four PTB7 films showed quite similar morphologies in both surface and bulk states: the fine features of a homogeneous phase without any coarsened separated domains. These results indicate that there are no direct effect on the top layers, PTB7 layers, by bottom films treated with different thermal annealing, and thus, we could claim that our concept is distinctly due to the morphological change of P(NDI2OD-T2) bottom layers.
To obtain further insight into the influence of the P(NDI2OD-T2) crystalline domains on the charge transport properties, the charge carrier (electron) mobility was measured using a SCLC method with an n-type Al/P(NDI2OD-T2)/Al device structure. Based on Equation (4) and the curves shown in Fig. 4(a) , we calculated the following electron mobilities: 2.31 × 10 −3 cm 2 V −1 s −1 (P(NDI2OD-T2) thickness: 41 ± 0.5 nm) for the device annealed at 100 • C, 2.17 × 10 −3 cm 2 V −1 s −1 (P(NDI2OD-T2) thick- ness: 40 ± 0.7 nm) for the device annealed at 150 • C, 9.82 × 10 −3 cm 2 V −1 s −1 (P(NDI2OD-T2) thickness: 42 ± 0.2 nm) for the device annealed at 200 • C, and 9.67 × 10 −4 cm 2 V −1 s −1 (P(NDI2OD-T2) thickness: 41 ± 0.6 nm) for the device annealed at 250 • C. These should be significantly responsible for above morphological results by AFM and 2D-GIWAXS. In other words, a higher electron mobility can be expected in more ordered P(NDI2OD-T2) crystalline domains, 23 which is consistent with the measured data on crystalline quality. In general, V oc is determined by a trade-off between recombination and generation of charge carriers. It has been reported that recombination (particularly bimolecular recombination) is related to J 0 and is the dominant recombination loss mechanism in organic solar cells under open-circuit conditions. 24 To investigate the difference in bimolecular recombination between P(NDI2OD-T2) AP-SCs annealed at different temperatures, independent measurements of the light-intensity-dependent steady-state photocurrent were carried out. The recombination parameter γ can be obtained by fitting to J ph ≈ I(light intensity) γ . 25 Fig. 4(b) shows the fitting exponent γ as a function of effective applied voltage, i.e., V 0 -V , where V 0 corresponds to V oc at J ph = 0, and V is the applied bias (note that a larger γ corresponds to less bimolecular recombination 24 ). These data show that the device annealed at 250 • C exhibited the largest value of γ, and the device annealed at 200 • C exhibited the smallest. These data suggest that thermal motion during annealing allows crystallization of the P(NDI2OD-T2) phase, leading to increased bimolecular recombination, and thus a decrease in V oc with increasing J 0 (i.e., dark current). Therefore, the low value of V oc = 0.51 V for the P(NDI2OD-T2)/PTB7 device annealed at 200 • C results from increased bimolecular recombination, and hence a larger J 0 .
The recombination mechanisms were investigated by studying V oc as a function of the charge carrier generation rate, which was varied by controlling the intensity of the incident light. The slope of V oc as a function of the log of the optical intensity allows us to determine the degree of trap-assisted recombination. A slope of k B T/q implies that bimolecular recombination is the dominant mechanism, where q is the electronic charge. 26 With trap-assisted recombination, a stronger dependence of V oc on the optical intensity with a slope of 2 kT/q is observed. 26, 27 As shown in Fig. 4(c) , the inverted P(NDI2OD-T2)/PTB7 devices (except for that annealed at 200 • C) exhibited similar slopes, which were indicative of bimolecular recombination (i.e., kT/q = 1.17 at 100 • C, kT/q = 1.20 at 150 • C, and kT/q = 1.13 at 250 • C), whereas we found that kT/q = 1.86 for the device annealed at 200 • C. These results indicate that highly ordered P(NDI2OD-T2) layers annealed at 200 • C with large crystalline domains exhibited increased interfacial surface trap densities between the active layers, which resulted in elevated trap-assisted recombination in combination with bimolecular recombination, leading to a large J 0 .
In summary, we fabricated bilayer all-polymer P(NDI2OD-T2)/PTB7 solar cells with an inverted configuration, where the annealing temperature was systematically varied. The size of the crystalline domains of the P(NDI2OD-T2) depended on the annealing temperature, and variations in the photovoltage are attributed to differences in the morphological packing structure of the P(NDI2OD-T2) layer. Layers with more ordered and larger crystallites resulted in increased trap-assisted recombination rates, as well as increased bimolecular recombination rates, resulting in large saturation dark current density, J 0 , and thus a small V oc . This work may therefore serve as a guide to the process conditions for P(NDI2OD-T2) layers in all-polymer solar cells.
